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1. Introduction 
Glutathione is transported out of the liver in dif- 
ferent forms and into different compartments (over- 
view [ 11). While the reduced form, GSH, is mainly 
released across the sinusoidal membrane into plasma, 
the oxidized form, GSSG, is preferentially released 
across the canalicular membrane into the biliary space 
[2]. Also, the glutathione S-conjugates, thioethers 
known as precursor of the mercapturic acids, are pref- 
erentially released into the biliary space [3,4]. 
out the experiment. The bile duct was cannulated 
using a polyethylene tube of 0.4 mm inner diameter 
and 50 mm length [6]. 
Properties of these transport systems are known 
only to a limited extent [ 5,6], and it has been sug- 
gested that the transport of glutathione disulfide and 
of glutathione S-conjugates may have common fea- 
tures, viewing the disulfide as a glutathione homocon- 
jugate [l]. Here, we investigate whether transport of 
GSSG is related to the transport of S-conjugates, and 
vice versa. Stimulation of biliary GSSG release was 
achieved by the addition of hydroperoxide or of 
nitrofurantoin, conditions exhibiting a close correla- 
tion between the intracellular GSSG content and the 
rate of biliary GSSG release [6]. Stimulation of biliary 
S-conjugate release was effected by the addition of 
substrates for glutathione S-transferase activities, e.g., 
l-chloro-2,4dinitrobenzene or diethyl maleate [3,4]. 
After 30 min (substrate-free) perfusion, additions 
were made into the entering perfusate directly before 
the portal vein, using infusion pumps. For measure- 
ment of intracellular glutathione, experiments were 
terminated at 43 min perfusion by freeze-clamping 
the liver tissue. The frozen liver tissue was processed 
for the determination of GSSG as detailed [8]. Bile 
samples were collected at 3 or 5 min intervals directly 
into Eppendorf cups containing 30 /.d 5% metaphos- 
phoric acid [6,9]. 
2.2. Assays 
GSSG was assayed by following the oxidation of 
NADPH at 340-400 nm in a Sigma ZWS 11 dual- 
wavelength spectrophotometer after addition of 
GSSG reductase (cf. [S]). Values for intracellular 
GSSG were corrected for extracellular (canalicular) 
GSSG, assuming a bile volume of 2.3 d/g liver wet 
wt [lo]. t-Butyl hydroperoxide was determined in a 
coupled assay using GSH peroxidase and GSSG reduc- 
tase [ 111. S-2,4-dinitrophenyl-glutathione wasmea- 
sured by absorbance at 334 nm in an Eppendorf 
photometer using e = 9.6 mM-' . cm-’ [4,12]. 
2. Materials and methods 2.3. Materials 
2.1. Liver perfusion, sampling and processing 
Non-recirculating hemoglobin-free perfusion of 
livers from male Wistar ats (180-220 g body wt) 
fed on stock diet (Altromin, Lage) was performed as 
in [7] except hat the liver was kept in situ through- 
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Fig.1. Bile flow (=) and biliary release of glutathione disulfide (0) and S42,4amitrophenyl)-glutathione ( ) in perfused rat liver. 
GSSG release was stimulated by infusion of t-butyl hydroperoxide and release of the glutathione conjugate was effected by infu- 
sion of l-chloro-2,4dinitrobenzene for 5 min during the time indicated (A). In the control experiment (B) the latter was omitted. 
3. Results 
3 .l . Restriction of GSSG transport into bile during 
biliary S-conjugate transport 
Addition of a substrate for GSH peroxidase, 
t-butyl hydroperoxide, leads to an increased biliary 
release of GSSG due to an enhanced intracellular pro- 
duction of GSSG [2,6]. Transport of GSSG into bile 
is increased several-fold in the presence of t-butyl 
hydroperoxide at 30 PM over 30-60 min perfusion 
(fig.1). In fig.lA, a substrate for glutathione S-trans- 
ferase, lchloro-2,4dinitrobenzene, was added at 
30 PM over 5 min, leading to a substantial decrease 
in biliary GSSG output concomitant with the release 
of the corresponding conjugate, S-(2-4~dinitrophenyl)- 
glutathione. Bile flow was slightly increased during 
the presence of 1 -chloro-2,4dinitrobenzene. 
Thus, there is competition between biliary output 
of GSSG and S-conjugate. That this is due to a com- 
petition at the transport step across the canalicular 
membrane is supported by the following: 
(9 
(ii) 
The omission of the interval with 1 -chloro-2,4- 
dinitrobenzene shows that stable conditions of 
GSSG transport are maintained throughout the 
period of perfusion with t-butyl hydroperoxide 
(fig.lB). 
The rate of GSSG release returns to the initial 
level after withdrawal of 1 chloro-2,4-dinitroben- 
zene, indicating that sufficiently high intracellular 
GSH is present throughout the experimental 
period and that general damage to the transport 
system does not occur. 
(iii) The effect is observed also when GSSG release 
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is stimulated by addition of nitrofurantoin (fig.2) 
an inhibitor of glutathione reductase, which leads 
to an increase in intracellular GSSG concomitant 
with the increased rate of biliary GSSG release [6]. 
3.2. Intracellular GSSG during biliary S-conjugate 
transport in the presence of t-butyl hydroper- 
oxide or nitrojkrantoin 
The above effects are not due to reaction steps 
proximal to transport across the canalicular mem- 
brane. Decrease in GSSG release by the addition of 
1 chloro-2,4-dinitrobenzene is not simply caused by 
an effect on the rate of intracellular GSSG generation 
(fig.3). When the intracellular GSSG contents are 
plotted against biliary GSSG release, there is a signifi- 
cant decrease in the slope in the presence of 1 chloro- 
2,4-dinitrobenzene. This is observed both with t-butyl 
hydroperoxide as a GSSG generator (fig3A), with 
Fig.2. Bile flow (m) and biliary release of glutathione disulfide 
(0) and S42,4dinitrophenyl)glutathione (0) upon infusion 
of nitrofurantoin and lchloro-2Pdinitrobenzene. 
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Fig.3. Relationship between the rate of GSSG release into bile and the intracellular GSSG content in the absence and presence of 
lchloro-2,4dinitrobenzene (30 PM; added at 38 min). GSSG release was stimulated by addition of t-butyl hydroperoxide (A) or 
nitrofurantoin (B) at 30 min. Freeze stop was at 43 min. For other experimental details see section 2. Each point represents 1
perfusion expt: controls (D); t-butyl hydroperoxide (3B-100 PM) (A); t-butyl hydro_peroxide (30-100 NM) + l-chloro-2,4dimtro- 
benzene (30 nM (A); nitrofurantoin (So-150 a) (0); nitrofurantoin (50-150 PM) + 1-chloro-2,4-dinitrobenzene (30 PM) (0). 
nitrofurantoin (fig3B), and with benzylamine (1 mM), 
a substrate for monoamine oxidase (not shown). 
3.3. Restriction of Sconjugate transport into bile 
during stimulated GSSG transport 
The converse xperiment to that of fig.1 A demon- 
strates amutual restriction of Sconjugate transport 
and GSSG transport (fig.4). The concentrations used 
in fig.4 were low for 1 chloro-2,4_dinitrobenzene and 
high for t-butyl hydroperoxide. In a similar experi- 
ment with 30 PM hydroperoxide only little effect on 
S-conjugate r lease was observed (not shown), indicat- 
ing that apparently the S-conjugate istransported 
more effectively and probably has a lower Ki for 
GSSG transport han the Ki of GSSG for Sconjugate 
transport. 
Fig.4. Effect of r-butyl hydroperoxide infusion on biliary 
release of S-(2,4dinitrophenyl)glutathione: bile flow (a); 
GSSG release (o);S~2,4dinitrophenyl)-glutathione r lease (0). 
Throughout he experimental period in fig.4 there 
is a substantial excess of glutathione S-transferase 
activity, since the total cellular capacity amounts to 
120 ~01 &conjugate formed . min-’ . g liver-’ [4], 
and at a rate of t-butyl hydroperoxide infusion of 
1 ~01 . min-r . g-l there is complete reduction to the 
alcohol, indicated by practically zero hydroperoxide 
concentrations in the effluent perfusate [111. 
In further experiments, S-(2,4-dinitrophenyl)- 
glutathione transport into bile was also diminished 
when another substrate for S-transferases, diethyl 
maleate (30 PM), was infused (not shown). This indi- 
cates that also between &conjugates there is mutual 
competition of biliary S-conjugate release; however, 
since competition at the transferase might complicate 
the interpretation of such effects, this was not further 
investigated here. 
4. Discussion 
This work demonstrates mutual competition 
between transport of GSSG and transport of gluta- 
thione S-conjugates from perfused rat liver into bile. 
During the transport of Sconjugate there is an 
increase in intracellular GSSG (fig3), explainable as 
a back-up consequential to inhibition at the transport 
step. Such observations were not obtained in a study 
with isolated hepatocytes [5]. Since the morphology 
of the biliary compartment islost with isolated cells, 
75 
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the intact liver is probably better suited for studies 
of biliary transport. 
With the general mechanism of bile formation 
being far from understood (overview [ 131) mechanistic 
conclusions regarding biliary transport of the gluta- 
thione derivatives would be premature. However, the 
mutual interference of the disulfide and the S-conjugate 
transport indicate a close relationship between them, 
be it either upon entry into biliary vesicles in the 
cytosol near the canalicular membrane or else at the 
actual transport step across the canalicular membrane. 
Thus, the question of whether there exist one or several 
carrier systems for these different compounds must 
be left open. 
The high calculated biliary/cytosolic concentration 
gradient for GSSG [6] is consistent with an active 
transport system of GSSG, as described in erythro- 
cytes [ 141 and erythrocyte vesicles [ 151. An energy- 
dependent transport of S-(2,4-dinitrophenyl)-gluta- 
thione was also reported for intact erythrocytes [ 161 
but this was not seen in [ 171. Competition between 
S-conjugate and GSSG has not been studied yet in 
the erythrocyte system. 
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